ABSTRACT In order to not change the space vector pulse width modulation (SVPWM) control strategy during one phase fault, the five-phase six-bridge arm SVPWM fault tolerant control method for fifteen-phase permanent magnet synchronous motor (PMSM) is proposed in this paper, and the thermal stress of fifteen-phase PMSM under different fault-tolerant operations is analyzed. Firstly, the control model of the fifteen-phase PMSM based on three dq axes is established, the generation mode of the SVPWM is analyzed, and the speed and current loop PI regulators of the control system are designed. Secondly, the fault-tolerant control principle of the five-phase six-bridge arm is analyzed and compared with the hysteresis control strategy of equal amplitude and minimum stator loss. Thirdly, the 3D model of the fifteen-phase PMSM is established, the steady-state temperature and the transient temperature rise considering operating conditions under different fault tolerant operations are analyzed, and corresponding temperature rise results of the stator armature windings are compared separately. Finally, the experimental platform is established, the phase current waveforms tested under load conditions confirm the theoretical analysis of five-phase six-bridge arms and hysteresis control, and the test results of steady-state and transient temperature rise confirm the correctness of the simulation prediction.
I. INTRODUCTION
Multiphase motors have become a research hotspot due to their high power density, high reliability and fault tolerance [1] , [2] , which are widely used in special applications such as ship drive [3] , multi-electric aircraft [4] - [6] and other modern AC drives. Multi-phase motors can divide the electric power evenly into the pins of more inverters to reduce the switching current of each device. Moreover, when one or two phases windings are open, the connection mode of the motor is not changed, and the remaining healthy phases can continue to operate. Fault-tolerant operations generally uses appropriate current control strategies to reduce the effects of faults on motor performance, such as torque ripple [7] , noise [8] , loss [9] . However, when the motor is operating in fault tolerant asymmetric conditions, thermal overload may cause serious damage to temperature-sensitive components,
The associate editor coordinating the review of this manuscript and approving it for publication was Atif Iqbal.
especially the windings insulation system. Previous thermal stress studies have typically focused on motors operation in healthy mode, without considering the fact that fault tolerant control causes a sharp increase in the temperature of some phase windings beyond the thermal constraints of the insulation system. Therefore, the motor designed in healthy mode may not be able to meet the fault operation mode. So thermal analysis plays a more important role for motors used in short-term overload and fault-tolerant operations, such as automotive and aerospace.
In order to maximize the output performance of multi-phase motors in fault tolerance, the modeling of multiphase motors and the control methods of different topologies are described [10] - [14] , the control strategy for dual three-phase PMSM based on reduced order mathematical model under fault condition is analyzed [15] , and faulttolerant control of fifteen-phase induction machine under asymmetrical fault condition is studied [16] . When one or two phases are open circuited, the H-bridge control method is adopted, the current of the open circuit phase is directly divided into the healthy phases to ensure equal output torque [17] , this analysis method does not take into account the asymmetrical operation of the current amplitude of the remaining healthy phases under fault tolerant operation. There is also a re-wiring of the output pins of a standard three-phase motor inverter to improve the drive performance [18] , the thermal stress of the motor is analyzed when the windings are connected in different combinations [19] , [20] , but these need to be constantly changing on the hardware according to different combinations, so the above method is not applicable to a high reliability occasion. In this paper, the five-phase six-arm control method is proposed to achieve fault-tolerant control of fifteen-phase PMSM without changing the SVPWM control strategy and adding additional hardware, which helps to improve the operability of the control system during fault-tolerant operation. Compared with the hysteresis control strategy of equal amplitude and stator minimum loss, the current phase and amplitude of each phase winding under normal operation and fault tolerance are analyzed.
The electromagnetic thermal coupling model based on FEM is introduced, and the main influence factors of the maximum thermal behavior during transient operation are analyzed in [21] , [22] . The loss distribution under the driving condition cycle [23] - [25] and the equivalent thermal parameters of the windings are introduced into the thermal model [26] . The fastest and maximum temperature rise occurs in the stator armature windings when the motor is operating under overload conditions [27] , and different thermal models for short-term thermal transients are proposed [28] - [30] . In summary, the thermal analysis methods are mainly divided into numerical methods and analytical methods. Numerical methods include 2D/3D FEM and computational fluid dynamics (CFD), which can be used in complex areas with high precision, but the amount of calculation is large. In this paper, the lumped parameter thermal network is employed to analyze the thermal stress of fifteen-phase PMSM under normal operation and different fault tolerance conditions. The steady-state temperature of the motor and the transient temperature rise considering the operating conditions are analyzed to obtain the accurate thermal stress inside motor under different control modes.
In this paper, the control model of fifteen-phase PMSM based on three dq axes SVPWM is established in the section II. Hysteresis control and proposed five-phase sixbridge arm SVPWM fault-tolerant control are analyzed in the section III. The simulation analysis based on 3D FEM thermal model of the fifteen-phase PMSM is performed in section IV. The experiment results are tested in section V. The conclusions are discussed in section VI.
II. THE CONTROL MODEL OF FIVETEEN-PHASE PMSM
The stator windings of fifteen phase PMSM is designed as 3*5 phase structure, and the neutral points of the three sets of windings are independent of each other, the spatial distribution of its windings is shown in Fig. 1 . The spatial phase difference between adjacent windings in each set of five-phase windings is 2π/5 electrical angle, according to the spatial phase difference of the three sets of five-phase windings, the armature windings of the motor are divided into fully symmetrical and semi-symmetrical structures.
The stator voltage and flux linkage equations of a fifteen-phase PMSM are as follows.
where
T fd is the magnetic chain amplitude of permanent magnets in each phase winding, α = 2π/5 is the electrical angle of the adjacent phase inside the five-phase winding, and β is the electrical angle between two adjacent five-phase windings, generally β is π/15 or 2π/15. The fifteen-phase motor is divided into three sets of five-phase windings, so there are nine sets of inductors, the stator inductance matrix L s is as follows.
where L s1s1 , L s2s2 , and L s3s3 respectively represent the internal self-inductance and mutual inductance of the five-phase
, and L s3s2 are the mutual inductance between the three sets of five-phase windings, respectively, and
. Taking the counterclockwise direction as the positive direction, the q1 axis leading the d1 axis in the positive direction of 90 • electrical angle, according to the principle that
the transformed synthetic magnetic potential is constant, the transformation matrix of the fifteen-phase windings current from the stationary coordinate system to the three dq coordinate system is as follows (4) and (5), as shown at the top of this page, where i is the serial number of the five-phase winding, and its value is 1, 2, 3, the θ in the T ii matrix is the electrical angle between the reference coordinate axis q and the axis of the stator winding A1, which are rotated by the rotor synchronous rotational speed ω. In equation (1), both sides are multiplied by the transformation matrix T r/s at the same time, and the equation can be obtained as follows.
Regardless of the cubic plane harmonics in the coordinate transformation and the zero sequence components in the three sets of windings, the resistance coefficient matrix and the flux chain coefficient matrix are substituted, and the voltage equation can be written as follows. 
The coordinate transformation of the flux linkage equation in equation (2) is performed, and both sides are multiplied by the transformation matrix T r/s at the same time, and the formula is as follows.
The third-order component of each winding is ignored and the zero-sequence component orthogonal to the direct-axis component of each windings is neglected. The leakage inductance of the mutual inductance between the windings is neglected, and the flux linkage equation is obtained as follows. (9) where L d is the direct axis self-inductance, L q is the quadrature axis self-inductance, L dd is the mutual inductance between the direct axes of the corresponding windings, Lis the mutual inductance between the quadrature axes of the corresponding windings.
The electromagnetic torque is derived from the magnetic common energy to the mechanical angle.
According to the inductance matrix, the current matrix and the flux matrix, the electromagnetic torque is deduced as follows.
It can be seen from formula (11) that each set of windings transformation matrix is consistent with a single five-phase motor transformation matrix, and the output electromagnetic torque of the fifteen-phase PMSM is the sum of the torques of the three five-phase windings. However, it is still inaccurate to make the fifteen-phase motor equivalent to three five-phase motors, because the windings of three five-phase motors are coupled on both the direct-axis and the quadrature axis. The fifteen-phase PMSM is controlled according to the rotor field orientation vector. As shown in Fig. 2 , the entire control loop consists of a PI speed loop regulator and six PI current loop regulators. The fifteen-phase PMSM is a surface-mount structure, the three sets of windings d-axis currents are given zero during vector control. The three sets of five-phase windings adopt coordinate transformation, which must contain a zero vector and four other degrees of freedom to form the fundamental plane and the third harmonic plane. The (10k±1)th harmonic is distributed in the fundamental plane and (10k±3)th harmonic is distributed in the third harmonic plane, which rotates in the rotor synchronous coordinates at ω and 3ω speeds, respectively. According to the three dq axis coordinate transformation, each five-phase winding generates a separate SVPWM output signal, the voltage vector of each five-phase winding contains thirty non-zero vectors and two zero vectors, and the thirty non-zero vectors have three different amplitudes, the large vector U max = 0.6247U dc , the medium vector U mid = 0.4U dc , and the small vector U min = 0.2472U dc . The voltage vector is distributed in α 1 − β 1 and α 3 − β 3 subspace is shown in Fig. 3 .
In order to effectively suppress the third harmonic in the five-phase winding, the near four vector (NFV) control method is used to realize the power switch conduction. Define the on-times of the voltage vectors U 16 , U 24 , U 25 and U 29 as T 1 , T 2 , T 3 , T 4 , respectively. When the voltage conduction time meets the following formula (12) , the third harmonic in the phase current of the five-phase winding can be effectively suppressed [31] .
At this time, the ratio of the on-time of U 25 and U 16 is equal to the ratio of the on-time of U 24 and U 29 , the actual on-time of each voltage vector can be determined by the following formula (13) .
where T s is the switch cycle, k is the sector of the given voltage, γ is the electric angle of the given voltage U ref , T 0 is zero vector conduction time.
In order to reduce the loss of switching time and improve the efficiency of the drive system, each switch can only be turned on and off once in one carrier cycle. For example, in the first sector, the vector voltage conduction sequence in the half cycle is The control mode with the direct-axis given zero is applied to the fifteen-phase surface-mount PMSM, only considering the viscous friction of the motor, the equations of motion and electromagnetic torque are as follows:
T e = 15 2 p n ψ r i q (15) where ω m is the mechanical angular velocity of rotor, p n is the number of polar pairs, J is the system moment of inertia, T L is the electromagnetic torque of motor, is load torque, B m is the coefficient of viscous friction, ψ r is the flux of main pole. The parameters of the three sets of five-phase windings are the same, then the dq-axis voltage equation after the coordinate transformation is as follows.
where ω r is the electrical angular velocity of rotor, r is armature resistance of stator windings per phase.
In the vector control of the fifteen-phase PMSM, the current of each phase windings is actually controlled by adjusting the dq-axis voltage of the decoupled five-phase windings. According to the formulas (16) and (17), L q i q ω r and −(L d i d ω r +ω r ψ r ) are added as compensation amounts to the outputs of thedq-axis current PI controllers, respectively, after compensation, the current closed-loop transfer function of dq-axis is shown in Fig. 5 .
The transfer function between the voltage and current of the five-phase windings is a first-order inertia link with good stability, Let k pi /k ii = L dq /r, then the transfer function G c (s) of the current negative feedback closed-loop control is as follows. where k pi is the proportional coefficient of PI regulator in current loop, k ii is the integral coefficient of PI regulator in current loop. The current closed loop is designed as a first order response function, when s = 0 is set, the steady state gain of the current closed-loop is 1, and the theoretical steady state error is 0, regardless of the value of k pi . The cutoff frequency of the transfer function satisfies ω ci = k pi /L dq , whose system bandwidth is mainly determined by k pi , but the value of k pi is limited by the maximum DC bus voltage and other protection requirements. Since the d-axis current is given as zero, the system block diagram of the mechanical model of the fifteen-phase PMSM is shown in Fig. 6 . In order to achieve the speed control of the fifteen-phase PMSM, the system has better response performance and stability, compared with the PI regulator in the speed outer loop, the PI regulator in the current inner loop should have faster response capability. Speed open loop transfer function is as follows.
where k pω is the proportional coefficient of PI regulator in speed loop, k iω is the integral coefficient of PI regulator in speed loop, K T is the proportional coefficient for motor output torque. The viscous friction coefficient of the motor is generally small, so B m ≈0. Let τ = k pω /k iω , τ 1 = L q /k pi , the transfer function is a type II system, according to the control theory, the shear frequency ω cω of the transfer function G 0ω (s) must be at a slope of -20 dB/dec to make the system stable, so τ τ 1 , the proportional coefficient of the PI regulator in the speed loop satisfies the following equation.
In order to ensure the phase angle margin of the system, the proportional integral coefficient of the PI regulator in the speed loop satisfies the following equation.
According to the basic parameters of the motor, the maximum motor speed n max = 3000rpm, the maximum electrical angular velocity ω m = 2πn/60, so the shear frequency ω cω = 100π(rad/s), the PI regulator parameters of the designed current loop and speed loop are as follows.
III. FAULT-TOLERENT CONTROL MODEL FOR FIVETEEN-PHASE PMSM
The fifteen-phase PMSM adopts 3*5 phase structure distribution, the three neutral points are independent and the control model based on the three dq axes is established. Therefore, when the one phase is open circuited, fault tolerance is performed directly in the five-phase windings of the corresponding open phase. Fault-tolerant SVPWM control strategies are generally implemented using a reduced-order compensated transformation matrix. However, the transformation matrix of the five-phase six-bridge arm SVPWM proposed in this paper remains unchanged before and after fault tolerance. The fault tolerance theory of hysteresis control and proposed method are analyzed below.
A. CURRENT HYSTERESIS FAULT TOLERANT CONTROL
The premise of hysteresis fault-tolerant control is to ensure that the motor's synthetic magnetic potential remains constant before and after an open-circuit fault. Taking the axis of the A1 phase windings as a reference, the composite vector can be converted from a two-dimensional composite space vector to a reference coordinate by a rotation factor. The conversion principle is consistent with the Clark and Park transformations, and the transformation formula is as follows. + i e1 e −jα (22) where I m is the amplitude of each phase current of the fivephase windings, α is the electrical angle between adjacent windings, which is 2π /5. The equation (22) is developed using the Euler formula, the real part and the imaginary part are equal. The current vector constraint equation as follows.
As can be seen from equations (22) and (23), the magnetomotive force space vector formed by the current of a set of five-phase windings operating stably is equivalent to a rotating composite vector with 2.5 times amplitude of the phase current. Therefore, when one phase is open circuited, by adjusting the phase current of five-phase windings, the magnetomotive force vector space of the remaining phase currents is not changed, so the motor can operate with good performance under fault conditions. Assuming that the A1 phase is open, in order to ensure that the currents of the remaining healthy phases are symmetrical to each other and keep the amplitudes equal, the remaining healthy phase current satisfies the formula as follows [32] , [33] .
To meet fault tolerant control with minimum copper loss for one phase open circuit, assuming that the resistance of the stator windings is constant, the copper loss can be replaced by the current function as shown below.
Since the neutral points of the three sets of windings are independent, the remaining healthy phase current is still satisfied after fault tolerance as follows.
The magnetomotive force is guaranteed to be constant, and the minimum copper loss of the stator can be transformed into the extreme value problem under the constraint condition. The formula for constructing the Lagrange function with the least copper loss is as follows.
By solving the above formulas (23) and (24), the current amplitude and phase of the remaining healthy windings during equal amplitude fault tolerant control can be obtained. By deriving the partial derivative of the formula (27) and assigning the value to be equal to zero, the current amplitude and phase of the remaining healthy windings with the minimum copper loss can be obtained.
Fault-tolerant control generally equalizes the currents amplitude of the remaining healthy windings or minimizes the copper loss as the control target. The current amplitude and phase of the windings under different fault tolerant targets are shown in TABLE 1.
B. FIVE-PHASE SIX-BRIDGE ARM SVPWM FAULT TOLERANT CONTROL
When one phase is open circuited, in order not to change the implementation of SVPWM under healthy operating, the five-phase six-bridge arm structure is used for fault-tolerant control as shown in Fig. 7 . The neutral point of the five-phase windings is taken out and connected to the F1-bridge arm. During healthy operation, the F1-bridge arm does not need to be controlled. Assuming that the A1 phase is open circuited, the F1-bridge arm is controlled by the PWM signal of the healthy operating A1-bridge arm. Since the A1 phase is broken, U A1n = 0, U F1z = U A1z . The voltage of the remaining healthy phase is as follows.
The voltage of each phase of the five-phase windings is multiplied by the rotation factor of the respective spatial distribution. Referring to formula (22) 
The spatial distribution structure of the five-phase windings is uniformly and symmetrically distributed, and the sum of the rotation factors of each phase is zero. (31) It can be obtained from formula (31) that the five-phase composite voltage space vector U s based on the five-phase six-bridge arm control does not change before and after the fault, the five-phase synthetic flux linkage will not change and the trajectory is still circular, so the motor still operating smoothly after one phase windings is open circuited.
Assume that the combined voltage of the five-phase windings is located in the first sector, and its sector is shown in Fig. 3 . The SVPWM control strategy of the motor adopts the NFV control operation mode, and the spatially synthesized voltage vector is composed of six voltage space vectors, the conduction sequence is U 0 -U 16 -U 24 -U 25 -U 29 -U 31 , as shown in Fig. 4 . When the motor is running normally, the phase voltage of each phase windings based on the fivephase six-bridge arm SVPWM and U α1 , U β1 , U α3 , U β3 after coordinate transformation are shown in TABLE 2. When the A1 phase is open, the control strategy based on the five-phase six-bridge arm SVPWM is unchanged, at this time, the phase voltages of the phase windings and U α1 , U β1 , U α3 , U β3 after coordinate transformation are shown in TABLE 3.
It can be obtained from the comparative analysis of  TABLE 2 and TABLE 3 , when the A1 phase is open, the SVPWM drive signal of the A1 phase leg is used to drive the F1 phase bridge arm, U α1 , U β1 and U α3 , U β3 in the first sector remain unchanged compared with the normal operation. Similarly, U α1 , U β1 and U α3 , U β3 of other sectors remain unchanged. Therefore, when the A1 phase is open, it can still be controlled by the normal operation NFV-SVPWM algorithm.
The output electromagnetic torque of the five-phase windings is determined by the magnitude of the direct-axis current i d and the quadrature-axis current i q . In order to ensure that the output torque of the five-phase windings is constant, the remaining four phase windings must produce the same i d and i q for fault tolerance. Using the inverse Park transformation matrix, the i d and i q are converted into i α and i β , the inverse Clarke transformation matrix of the five-phase windings is used, the third harmonics are ignored, and the current of the five-phase windings i a1 , i b1 , i c1 , i d1 , i e1 can be obtained. Because the A1 phase is open, i a1 = 0, so the neutral point i o = −i α . For the surface-mount PMSM, the i d = 0 control mode is adopted, and the formula is simplified as follows.
It can be seen from the above formula (32) that in order to compensate for the loss of the A1 phase current, the amplitude of the C1 and D1 phase currents increases by 1.902 times, and the amplitudes of the B1 and E1 phase currents increase by 1.1756 times, and the phase difference of the adjacent windings changes. The above formula derives the current constraint equation that satisfies the principle of magnetomotive force invariance, therefore, five-phase six-bridge arm fault tolerance is a special way of constant control of magnetomotive force.
IV. THERMAL MODEL FOR FIFTEEN-PHASE PMSM
Regardless of whether the motor is operating under healthy or fault tolerant conditions, its heat source is still mainly composed of copper loss and iron loss. The copper loss is mainly generated by copper resistance in the stator windings. The core loss is mainly composed of the hysteresis loss and eddy current loss in the permanent magnet and the silicon steel sheet, which is caused by the alternating magnetic field generated by the permanent magnet interacting with the alternating current in the stator windings. The core loss is one of the main sources of heat generation for the motor, the iron loss of the stator core and rotor can be calculated from the widely used Bertotti's iron loss model [34] . The unit mass calculation formula is as follows.
where K h is the hysteresis core loss coefficient, K c is the eddy current core loss coefficient,K e is the other stray core loss coefficient, B m is the amplitude of the alternating magnetic field in the stator and rotor,f is the alternating current frequency in the stator winding. The copper loss is mainly caused by the current loss in the copper wire of each phase windings. The copper loss formula of the multiphase motor is as follows. (34) where i is the serial number corresponding to each phase, I i is the effective value of the current in the corresponding i-phase windings, and R i is the resistance of the corresponding phase windings.
The eddy current loss of the synchronously rotating permanent magnet is generally small, but the permanent magnet is located inside the motor, and the air gap heat dissipation condition in the stator and rotor part is generally poor, so the smaller loss will also produce a higher temperature distribution, and the commonly used loss formula of volume V is as follows.
where J e is the eddy current density of the permanent magnet, σ is the electrical conductivity of the permanent magnet, S is the eddy current section area of the permanent magnet, and L is the axial length of the permanent magnet.
In this paper, a 28-pole 15kw fifteen-phase PMSM is designed as a research model, the output performance indicators of the fifteen-phase PMSM are as follows:
The iron loss of the motor in the stator and rotor, the hysteresis loss and eddy current loss of the permanent magnet, and the copper loss of the stator winding are all obtained by 2D FEM simulation. When the motor operates at rated speed of 2000rpm and rated output torque of 70N, the rotor permanent magnet loss, iron loss and stator copper loss under different control modes are shown in TABLE 4, the different control modes include healthy operation, equal amplitude fault tolerant control(Fault1), minimum copper loss fault tolerant control(Fault2), and SVPWM control of five-phase sixlegged arms(Fault3). In order to maintain the same speed and torque as the healthy operation mode, copper loss will increase correspondingly during fault tolerant operation, but the iron loss and the permanent magnet loss increase less. The reason is that the synthetic magnetic potential of the motor is unchanged before and after fault tolerant. The model of the fifteen-phase PMSM is shown in Fig. 8 . The main concern of this paper is the thermal stress of the motor during healthy operation and fault tolerant operation without derating. The stator and rotor losses of the fifteen-phase PMSM are obtained by 2D finite element simulation. The Finite element thermal analysis is performed in different control modes, where the temperature distribution of the motor is different. On the outer surface of the motor stator, an aluminum cover is added to the model to provide heat dissipation. Therefore, the conduction coefficient during simulation is higher than that of natural air cooling. Considering that the stator silicon steel sheet is not in full contact with the stator shell, there is a very thin equivalent air layer between the stator aluminum shell and the silicon steel sheet in the model. The rotor shaft of the motor has no flux linkage, and the friction loss of the bearing is not considered. All regions of the motor are considered to be homogeneous and isotropic. The conductivity coefficients of various materials in the thermal model of the fifteen-phase PMSM are shown in TABLE 5. There are many turns of copper wire in the stator slot, each conductor surface is insulated, after the winding is successfully completed, it is subjected to dip coating treatment. The equivalent cross-sectional area copper is used in the simulation mode. The rated load operating point of the motor is selected for analysis, including the temperature distribution of the steady field of the motor during healthy operation and fault tolerant operation. Combined with the operating conditions of all-electric aircraft, the transient temperature rise of the fifteen-phase PMSM during healthy operation and fault tolerant operation also is analyzed.
A. STEADY-STATE TEMPERATURE FIELD
When the fifteen-phase motor is operating at rated load, the copper loss of the stator armature windings and iron loss are the main heat sources, the copper loss of the stator armature windings, the iron loss in the stator and the rotor in TABLE 4 are assigned to the 3D model components in Figure 8 . The end of the concentrated windings of the fractional slot is relatively short, and the temperature of the center of the armature windings can be considered to be the highest. The fifteenphase PMSM adopts three five-phase winding neutral points independent of each other. It is assumed that the A1 phase of the first set of windings is open circuited, fault tolerance control is performed directly in the first set of windings, and the second and third sets of windings operate healthily. When the fifteen phase PMSM operates without derating, the output electromagnetic torque does not change, but the currents in the first set of windings are not equal due to the fault tolerant operation, then the copper loss is necessarily asymmetrically distributed around the radial direction of the stator windings. The steady-state temperature field distribution of the stator of the fifteen-phase PMSM in healthy operation and the different fault tolerant modes under the rated speed 2000rpm and the rated output load 70N is shown in Fig. 9 .
When the fifteen-phase PMSM is operating under healthy operation, the copper loss of the fifteen-phase windings is basically equal, the highest temperature point at the center of the stator windings of the motor is basically the same. When the A1 phase in the first set of windings is open, the current amplitude and phase of each phase windings in the first set of windings change under different fault tolerant operations, while the second set of windings and third set of windings remain in healthy operation.
Different fault tolerant operations of the above-mentioned one phase open circuit are considered, and the temperature distribution cloud diagram are shown in Fig. 5 b), c), d) respectively. The maximum steady-state temperature of windings under different operating modes at rated load and speed are shown in TABLE 6. The fifteen-phase PMSM adopts double-layer windings, a portion of the D3 phase winding is co-located with a portion of the A1 phase winding in a slot, when A1 phase is open, even if the copper loss of the A1 phase windings is zero, however, the temperature in the corresponding slot is still high, because the D3 phase winding is still operating healthily, and the maximum temperature of the winding center of the corresponding slot will be reduced. In the fault-tolerant operation, the slot center of the other two sets of stator windings will exist the highest temperature, but the maximum value will never exceed the value in TABLE 6 and will not be described here. In summary, the steady-state temperature distribution of the above-mentioned slot center is basically consistent with the copper loss distribution of each phase windings in the fault tolerant operation of the theoretical analysis. The steady-state temperature distribution of the windings in the slot verifies the correctness of the theoretical analysis.
B. TRANSIENT TEMPERATURE FIELD
Using the fifteen-phase PMSM to directly drive the propeller, the temperature rise caused by the change of motor speed and torque demand during the whole flight is our main concern. According to the flight condition of a typical two-seater fullelectric aircraft [35] , the cruising time is shortened, and the required torque and speed are obtained as shown in Fig. 10 . Since the output torque of the prototype does not reach the actual operating condition, the output torque of the motor is scaled down according to the torque demanded by the operating conditions. The reduced ratio is the maximum torque required by the actual flight conditions divided by the rated output torque of the motor, and the speed is still changed according to the actual flight conditions.
According to the steady-field temperature distribution results, the corresponding highest temperature points in the windings under different control modes have been found, these highest temperature points of the windings should be the same as the highest temperature point of the windings in the transient temperature rise analysis during flight conditions. The transient temperature changes of the highest temperature rise windings under healthy operation and fault tolerant operation during flight conditions are compared in Fig 11 . According to the analysis results of fault tolerance theory and the steady-field temperature distribution results in TABLE 6 in healthy operation, the steady-state temperatures at the slot center of each phase windings are substantially equal. When the A1 phase windings is open circuited and the equal amplitude tolerance control (Fault1) is performed, except that the A1 phase current is zero, the temperature of the slot center corresponding to the four phase windings is substantially equal. When the minimum copper loss tolerant control (Fault2) is performed, the temperature of the slot center corresponding to the B1 and E1 phase windings is the highest. When the five-phase six-bridge arm SVPWM tolerance control (Fault3) is performed, the temperature of the slot center corresponding to C1 and E1 phase windings is the highest. As shown in Fig. 11 , under the same operating conditions, the trend of the highest transient temperature rise in the windings under different control modes is basically the same.
V. EXPERIMENTAL RESULTS
The 10kw 28-pole 30-slot fractional slot concentrated windings fifteen-phase surface-mount PMSM is selected as the research object, the temperature sensor PT100 is placed in the center of the motor stator armature windings, and its stator and rotor structure is shown in Fig. 12 . The driving control of the fifteen-phase PMSM requires multiple PWM synchronous outputs, especially for highpower and high-reliability applications. In this paper, the experimental platform based on the combination of DSP and FPGA has been built as shown in Fig. 13 . DSP is mainly used for coordinate transformation and space vector control, and FPGA realizes PWM synchronous output. The whole experimental platform is used to verify the three dq axes vector control model of the fifteen-phase PMSM and realize the fault tolerant operation of the five-phase six-bridge SVPWM and current hysteresis. The phase current waveform of the fifteen-phase PMSM based on the SVPWM control of the three dq axes is shown in Fig. 14 .
The load torque is 25Nm and the rotational speed is 500rpm, the phase difference of the adjacent phase currents in the five-phase windings is 72 • , and the phase difference of the A1, A2, and A3 phases between the three sets is 12 • , the experimental test is basically consistent with the theoretical analysis. The experimental results verify that the established vector control model of the three dq axes is feasible.
The load torque is 25Nm and the rotational speed is 500rpm, the fault-tolerant control of the five-phase six-bridge arm SVPWM is used, and the phase current waveform is shown in Fig. 15 . When the A1 phase is open, the fault-tolerant control of the five-phase six-bridge arm is utilized, the amplitude and phase of each phase current of the five-phase windings are basically the same as the theoretical analysis in TABLE 1. The experimental results show that the theoretical analysis of the five-phase six-bridge arm SVPWM fault-tolerant control is correct.
The load torque is 25Nm and the rotational speed is 500rpm, when the A1 phase windings is open, the other two sets of five-phase windings operate normally, and the fivephase winding of the open phase adopts equal amplitude current hysteresis fault-tolerant control, and the phase current waveform is shown in Fig. 16 . The experimental results show that the amplitude and phase changes of the five-phase windings after fault tolerance are basically consistent with theoretical analysis results of the equal amplitude fault-tolerant control in TABLE 1. The current hysteresis fault-tolerant control can achieve equal-amplitude control of one-phase open circuit, and can also achieve fault-tolerant control of different control targets.
The center of the armature winding of the prototype is placed with the temperature sensor PT100, which is used to measure the internal temperature of the winding when the motor is operating under rated load or different operating conditions. The temperature sensor lead-out line is shown in Figure 13 . a). Given a speed of 2000r/min and a load torque of 70N, the center temperature of the armature windings of the fifteen-phase PMSM during healthy operation and different fault tolerant operations is measured, and the temperature rise of the slot center corresponding to the highest temperature are recorded as shown in Fig. 17 .
The temperature rise result of the motor armature windings of different control modes under the rated load condition is measured for 90min. The maximum temperature of the armature windings in healthy operation is up to 94.5 • , the error compared to the simulated value of the steady-state temperature field is 0.52%. The maximum temperature of the armature windings in equal-amplitude tolerance operation is up to 107.4 • , the error compared to the simulated value of the steady-state temperature field is 1.32%. The maximum temperature of the armature windings in minimum copper loss tolerance operation is up to 111.6 • , the error compared to the simulated value of the steady-state temperature field is 2.38%. The maximum temperature of the armature windings in five-phase six-bridge arm SVPWM tolerance operation is up to 144.6 • , the error compared to the simulated value of the steady-state temperature field is 7.9%. The maximum temperature after stabilization under the rated load is basically the same as the data in TABLE 6, and the experimental data verify the correctness of the theoretical analysis and simulation of the fault tolerance. According to the torque and speed requirements shown in Fig. 10 , the highest temperature rise of the armature windings under healthy operation and different fault tolerant operation is shown in Fig. 18 . The center of the slot of the maximum phase current in the armature winding during healthy operation and fault tolerant operation is the highest temperature point, this result has been verified by the results of steady-state field simulation and experimental data at rated torque and speed output. The fifteen-phase PMSM operates according to the output torque and speed in Fig. 10 , the copper loss of the motor armature windings decreases when the torque and speed output decrease at 420s, so the temperature in the armature windings begins to decrease, the change in temperature rise trend is basically consistent with the change in torque output. The simulation results of the temperature rise of the fifteen-phase PMSM during healthy operation and different fault tolerant operation under operating conditions are about 5 degrees lower than the experimental test results, this may be caused by ignoring harmonics during simulation, because the actual operating motor must have harmonic losses due to control errors or structural asymmetry. Since the motor does not operate for a long time at the rated load torque output, the transient temperature does not reach the maximum temperature of the rated steady-state field. Regardless of the mode of operation, the temperature rise of the armature winding of the motor does not exceed the maximum temperature allowed by the insulation level of the armature winding, and the F-stage insulation of the motor windings is used, no more than 155 degrees is considered to be within the allowable range.
VI. CONCLUSION
In this paper, the vector control model based on the three dq axes can effectively realize the motor operation. When fault-tolerant control is applied to the open circuit of one phase windings, except for the windings current of the open circuit is zero, the amplitude and phase of the other four-phase healthy windings current change, and the proposed five-phase six-bridge arm fault tolerance is a special way of constant control of the magnetomotive force. In order to maintain the same torque and speed output as in the healthy mode, the copper loss of the armature windings increases sharply, on the contrary, the iron loss of the motor in the stator and rotor is only slightly increased, the main reason is that the total magnetomotive force of the air gap before and after fault tolerance is constant.
The 3D thermal model of the fifteen-phase PMSM has been built. When the same torque output during normal operation is maintained, the highest temperature point of the armature windings has been found. The steady-state and transient temperature rise of the highest temperature armature windings in healthy operation and different fault tolerant operations are analyzed by finite element analysis and experimental test. When one phase open circuit fault occurs, the temperature rise distribution of the armature windings changes in different fault tolerant modes, but the maximum temperature does not exceed the windings insulation temperature and can continue to operate. 
